The doping-charge effects on the electronic structure and stability of hydrogenated graphene have been investigated using density functional theory. Charge doping profoundly decreases the exchange splittings of the magnetic states, but has a negligible effect on the nonmagnetic states in hydrogenated graphene. The tuning effect on the stability of H adatoms correlates with the charge dependencies of the bond strength, C-H bond formation energy, the H-H bonding, and the H-graphene electron-cloud repulsion. The thermal desorption spectra of H adatoms on neutral and charged graphene are predicted. It is pointed out that hole doping is a promising approach to facilitate the hydrogenation of graphene. This work is helpful not only for further preparation and application of hydrogenated graphene, but also for understanding the electronic interactions in magnetic graphene systems.
I. INTRODUCTION
Since the first preparation and measurement of graphene, 1 it has been considered as a promising material in the field of electronics, due to its high carrier mobility, readily controllable carrier density, superior mechanical property, low mass, controllable synthesis, easy functionalization, and so on. [2] [3] [4] [5] [6] However, graphene is a semimetal, and a band gap is required in graphene-based field-effect transistors for high on/off ratio at finite temperatures. 4 Hydrogenation is a controllable and reversible way to open a band gap in graphene, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] which increases with the H coverage. 13, 15, 16 However, the H coverage is always limited in experiments 7, 8 due to both the abstraction of the adatoms by the incident atoms and the increase of the elastic energy of the carbon lattice. [18] [19] [20] [21] Although these detrimental effects could be partly avoided by the two-side hydrogenation, 12, 22 the H coverage in experimentally prepared samples 12 is still not high enough according to the investigations on the band gap 16 and kinetic stability 22 of hydrogenated graphene (HG). Furthermore, high H coverage is also required 22 for sculpturing stable high-quality graphene nanostructures in HG, 23, 24 which is promising for integrated graphene transistors. 25 The charge doping has obvious effects on both the stability of adatoms on graphene and the electronic structure of the system. [26] [27] [28] [29] [30] In our previous works 31, 32 it has been found that (1) both electron and hole dopings increase the desorption barrier of the H monomer on graphene and (2) electron doping increases but hole doping decreases the diffusion barrier of the H monomer. These findings can be generalized to explain the stability of H adatom (and other radicals) on alkali-atom-adsorbed graphene (and carbon nanotube) [33] [34] [35] and B/N-doped graphene. [36] [37] [38] [39] [40] The enhancement of the H-graphene binding probably will increase the damping 41 of the localized vibrations of the adatoms, which can speed up the relaxation of the hot depositing atoms during the hydrogenation process, and also can promote the hydrogen adsorption. 42 In realistic HG, the H adatoms always cluster together 13, 43 due to the surface-mediated attraction. 44 The capability of charge doping in increasing the H coverage only can be fully understood when the interadatom coupling is taken into consideration. In addition, it is effective to tune and understand the magnetism of graphene using charge doping, 22, 31, 45 which is meaningful for graphene-based magnets and spintronic devices. 5 In this work the electronic structure and stability of dimer-hydrogenated graphene (dimer-HG) are studied using density functional theory (DFT). The tuning effects of charge doping on the adatom-surface and interadatom interactions are understood with the help of simple models. We propose that hole doping should be preferred to electron doping in facilitating the hydrogenation of graphene.
II. COMPUTATIONAL METHOD
The DFT calculations are carried out using the Quantum ESPRESSO code. 46 A periodic rectangular graphene supercell with a size of 12.82 × 12.34 × 16.00Å 3 [ Fig. 1(a) ] is used in our simulations, on which H dimers are adsorbed. The considered dimer configurations are ortho (O), para (P), meta (M), A, and B dimers, as shown in Fig. 1(b) . The electronic interaction is described by the ultrasoft 47 PW91 48 pseudopotential. The energy cutoffs for the wave function and charge density are 35 and 300 Ry, respectively. The k-point grids are 5 × 5 × 1 and 16 × 16 × 1 for the calculations of energy and electronic density of states (DOS), where the smearing technique 49 with a width of 0.02 Ry and the tetrahedron interpolation scheme 50 are used, respectively. The internal atomic positions are relaxed with the force threshold of 10 −4 Ry/bohr. The reaction paths are searched using the nudged elastic band method. 51 The quantum tunneling of H adatoms on (charged) graphene is not considered here, because it is effectively suppressed by the covalent C-H bond. 32 The interaction between two imperfections in graphene is always long ranged 22, 43, 44, 52, 53 and it is expected that there is still some interaction between the adatoms from neighboring supercells, but its magnitude is quite small when the distance is above 10Å ( 0.04 eV). 44, 53 Furthermore, the supercell size is kept in this work, and the contribution of this interaction to the energy difference between difference configurations should be partly canceled. Thus, the charge-doping effects presented in this work will not observably contain other mechanisms. method inevitably underestimates the electronic interaction in magnetic graphene systems, 54, 55 however, it is ascribed to the overestimation of the electronic screening due to the semilocal approximation in DFT, 22 and this does not affect the qualitative exploration of the basic electronic mechanisms therein. 22, 54 H dimers [ Fig. 1(b) ] are chosen to investigate the adatomsurface and interadatom interactions here, because the dimer-HG has already included all the basic interactions within the high-coverage HG, and the kinetic properties of these two systems are close to each other according to their thermal desorption (TD) spectra. 7, 8, 44 Therefore, the mechanisms obtained from the dimer-HG can be generalized to predict/understand the properties of realistic samples. Only compact H dimers are considered here, because they are more stable than the extended ones, 56 and are important for understanding the kinetic stability of realistic HG. 44, 57, 58 The adsorption energy of a dimer is defined as
where E H , E G , and E 2H+G are the energies of a H atom, a graphene layer, and a graphene layer with two H adatoms, respectively. The adsorption of a M dimer breaks two bonds of graphene, while that of P dimer (or O dimer) breaks only one. 59 Thus, their adsorption energies can be expressed as
and
where E C-H and E are the formation energy of a C-H bond and the breaking energy of a bond in graphene, respectively. A stronger C-H ( ) bond has larger E C-H (E ). With the calculated E M ad and E P ad [using Eq. (1)], E C-H and E can be derived using Eqs. (2) and (3) .
The charge doping is theoretically realized by adding a specified amount of charges into the system, and at the same time, a homogeneous background of opposite charges is used to screen off the divergent long-range part of the Coulomb potential produced by the cell's monopole. The realistic charge doping can be realized by many approaches, such as (1) metallic-atom functionalization, (2) B/N doping, (3) voltage-gate biasing, or (4) metallic-substrate supporting.
The distributions of the background charges in these charged systems are probably different from each other, and they also will have some difference with that designed in theory. Our theoretical investigation has made successful predictions for the former two charging approaches (see the Introduction section). However, according to Chan's work on ionic metal (K, Ca, Co, Ni, and Cu) adatoms on graphene, 29 the present theoretical approach is possibly problematic for the voltage-gate charging. When in the voltage-bias charging, the asymmetry of the background-charge distribution will introduce an additional perpendicular electric field, and this field has a considerable effect on those ionic adatoms. 29 However, the H adatom concerned here has much lower ionicity than those metal adatoms, so that the effect of the additional electric field on it should be much smaller. It also has been found that a perpendicular electric field can have effects on the desorption of H adatoms from graphene only if the electric field reaches a high value (i.e., 5 × 10 9 V/m). 60 In addition, in a recent experiment, 28 the stability of the oxygen adatoms (low ionicity too) on graphene under voltage bias still agrees with a theoretical prediction. 26 Therefore, for adatoms of low ionicity (e.g., H and O), the theoretical predictions should be (at least qualitatively) applicable to various charging situations. In the metallic-substrate supporting approach, apart from the transferred charges, 61, 62 the substrate possibly will introduce corrugation onto the graphene lattice. 63 The corrugation (lattice curvature) has some influence on the C-H orbital hybridization and bond strength, but their responses to the charge doping should not be qualitatively affected. 32 Furthermore, the binding with the substrate tend to both partly destroy the bonds in graphene (especially the buffer layer) and make the supported graphene lattice less flexible than the free-standing one, which will influence the thermodynamic/kinetic stability of the adatoms and still needs further systematic investigations. It is possible that many mechanisms intertwine with the charge doping effect in various realistic situations, however, identifying the charge doping effect can help figuring out other mechanisms.
III. RESULTS AND DISCUSSION
The adsorption of H atoms changes the H-bonded C atoms from sp 2 to sp 3 hybridized, and generally opens a band gap in graphene, which is exemplified by the DOS of neutral P-dimer-hydrogenated graphene (P-HG) and M-HG in Fig. 2 . As mentioned above, only one bond is broken in P-HG, while two in M-HG. Breaking each bond in graphene leaves two unpaired electrons, and each H adatom saturates only one unpaired electron. Therefore, there is no unpaired electron in P-HG (nonmagnetic), while there remain two unpaired spin-polarized electrons in M-HG (magnetic moment is 2 μ B ). O-HG and A-HG are the same as P-HG, while B-HG is the same as M-HG. This adsorption-site dependence of the magnetic property can be explained by the Lieb's theorem. 64 The two unpaired electrons in M-HG form two occupied spin-up impurity states (ISs) within the band gap between the valence-band maximum (VBM) and conduction-band minimum (CBM) states. These ISs are labeled as IS1 and IS2 [ Fig. 2(b) ], and their unoccupied spin-down counterparts are labeled as IS1
* and IS2 * , respectively. All the VBM state, CBM state, and the ISs mainly consist of the C(2p z ) orbitals, which can be reflected by both the small partial DOS of the H(1s) orbital in these states and their local density of states [LDOS, the square of the wave function |ϕ(r)| 2 ]. According to the LDOS, the VBM and CBM states in P-HG are more delocalized and differ less from each other than those in M-HG. Hence, the band gap of P-HG (0.1 eV) is much lower than that of M-PG (1.5 eV). In M-HG it is the exchange splitting that causes the energy difference between the IS1 (IS2) and IS1 * (IS2 * ) states. 31 It can be seen from the LDOS that the IS1 state is much closer to the H adatoms and localized than the IS2 state, thus, the IS1 state has lower energy and larger exchange splitting than the IS2 state.
The electronic occupation numbers of the ISs in M-HG can be changed by charge (electron or hole) doping, which will result in the decrease of their exchange splittings. 31 The exchange splittings of the ISs are proportional to the spin polarizations of the ISs, 31 and are expressed as
where
is the exchange splitting of the IS1 (IS2) state; n 1 ( n 2 ) is the spin polarization of the IS1 (IS2) state ( n = n up − n down ); J constant, respectively. The total spin polarization (magnetic moment) of M-HG equals n 1 + n 2 (μ B ). The variation of these spin polarizations with doping charge is shown in Fig. 3(a) , where n 2 always decreases prior to n 1 under charge doping, because the IS2 and IS2
* are the highest occupied and lowest unoccupied states, respectively. Due to the decrease of the spin polarizations under charge (electron or hole) doping, . J 12 is the smallest one, indicating that the inter-IS magnetic interaction is always smaller than the intra-IS magnetic interaction. The band gap of M-HG (E g ) only slightly decreases with doping charge, which implies that the effect of charge doping on the H-graphene orbital hybridization is negligible.
As shown in Fig. 4(a) , the electron doping does not have considerable effect on the adsorption energies of the O dimer (E O ad ) and P dimer (E P ad ), but the hole doping does have a significant increasing effect. Both electron and hole dopings significantly increase the adsorption energy of the M dimer (E M ad ), with the increase rate larger under hole doping. The variations of these adsorption energies correlate with the charge dependence of the formation energy of the C-H bond (E C-H ) and the breaking energy of the bond in graphene (E ) [Eqs. (2) and (3)]. Both electron and hole dopings decrease E C-H (E ), with the decrease rate larger under electron (hole) doping. For P-HG (or O-HG) under electron doping, the decrease in E is nearly canceled by that in 2E C-H , which makes E P ad change little [Eq. (2)], while under hole doping, the former still prevails over the later. Therefore, this unipolar charge dependence of E atom is smaller than that of the C atom. 31 Under electron doping, electrons flow onto the H adatoms [ Fig. 5(a) ] and decrease the positive polarity of the H adatoms, and then decrease the Coulomb attraction between H adatoms and the electron-doped graphene. However, under hole doping, the holes flowing onto the H adatoms [ Fig. 5(b) ] increase their positive polarity, and increase the Coulomb repulsion between them and the hole-doped graphene. These two phenomena both decrease the strength of the C-H bond (E C-H ). Furthermore, the electron (hole) doping increases (decreases) the electron-cloud repulsion between H and C atoms, 29 electron (hole) doping increases (decreases) the electronic occupation of the antibonding (bonding) bands, which results in the decrease of the -bond strength (E ) with the electron (hole) doping. 31 The asymmetric charge dependence of E is originated from the long-range interaction of the electrons in graphene, which also results in the asymmetry of the Dirac cone in the band structure of graphene. 3 To predict the kinetic stability of H dimers on graphene, the barriers for the diffusion path O-M [V b (O-M)] and the desorption path P-H 2 [V b (P-H 2 )] should be the most essential. 44 The potential barrier equals the energy difference between the transition and chemisorption states. The charge dependence of these two barriers are shown in Fig. 4(c) , and those for other transition paths can be found in Table I . V b (P-H 2 ) is somewhat decreased by electron doping, while significantly increased by hole doping. In the transition state of the P-H 2 path [TS(P-H 2 )], electron doping increases the electron cloud around the H atoms and the H-H bonding [ Fig. 5(c) ], which decreases the energy of TS(P-H 2 ); hole doping decreases the electron cloud around the H atoms [ Fig. 5(d)] , which makes the H atoms get closer to each other 29 and also lowers the energy of TS(P-H 2 ). The former makes V b (P-H 2 ) be decreased under electron doping, while the later makes the increase rate of V b (P-H 2 ) smaller than that of E P ad under hole doping. This charge dependence of the H-H bonding also can be found when comparing the variations of V b (O-H 2 ) and V b (M-H 2 ) ( Table I) simulation ( Table I) The same as in a neutral situation, P and O dimers are still the two most stable under both electron and hole dopings [ Fig. 4(a) and Table I ]. These two dimers are the most abundant in experimental observations, and responsible for the TD spectra of H adatoms on graphite. 9 From both experimental measurements [7] [8] [9] and theoretical results, 57,58 the ratio between P and O dimers are around 5:1, which is kept in our simulation of the TD spectra (heating rate α = 1.0 K/s) under charge doping. The minimum-energy paths for these two dimers to escape from graphene are P-H 2 and O-M-P-H 2 , respectively. 10, 44 The reaction rate (v) for each transition path can be estimated using
where v * is the prefactor, and δ vib is the vibrational zeropoint energy correction to the potential barrier. v * can be safely approximated to be 10 13 s −1 in the kinetically active temperature range. 44, 65 The δ vib for each transition path is taken from our previous work. 44 Particularly, its charge dependence is omitted here, because it is small compared with that of V b . 31 This omission is safe and will not influence the qualitative prediction derived in this work. Using the reactionrate equations in Ref. 44 , the TD spectra for the H adatoms on electron-doped, neutral, and hole-doped graphene are obtained (Fig. 6) , which present the two-peak shape in the former two situations and one-peak shape in the last situation, respectively. The variations of the numbers of dimers (n O and n P ) can reveal more detailed information about each desorption peak. The isotope effect is that heavier dimers are more kinetically stable, resulting from the smaller δ vib . 44 In the neutral situation, the positions of the two desorption peaks are about 60 and 30 K lower than those in the experimental TD spectra, [7] [8] [9] because (1) the adatom stability and potential barriers always increase with the H coverage, 44 which is quite low in this work; and (2) the degeneracy of each transition path is fully considered here, which can lower the higher desorption peak, while this degeneracy is always reduced by the interdimer interaction in high-coverage HG. 44 In the electron-doping and neutral situations [Figs. 6(a) and 6(b)], the first (lower) and second (higher) desorption peaks correspond to the desorption of P dimer and the diffusion-assisted desorption of O dimer, respectively. These two desorption peaks are somewhat lowered by electron doping, which is due to the lowering of V b (P-H 2 ) [Fig. 4(c) ]. In the hole-doping situation, these two peaks merged into one [ Fig. 6(c)] , and the desorption temperature of P dimer is also significantly higher than those in other two situations. These two phenomena are caused by the significant lowering of V b (O-M) and heightening of V b (P-H 2 ) under hole doping, respectively. Through the enhanced O-M-P transition, the thermodynamic equilibrium between O and P dimers already has been established prior to the desorption process. Therefore, hole doping is expected to not only enhance the stability of H adatoms, but also promote their spillover and nucleation process [66] [67] [68] graphene. In conclusion, hole doping should be more effective than electron doping in facilitating the hydrogenation of graphene.
IV. CONCLUSION
The electronic structure and kinetic stability of neutral and charged dimer-hydrogenated graphene (HG) have been studied using density functional theory, from which the tuning effects of the doping charges on the H-graphene and inter-H interactions are understood. In magnetic HG (e.g., meta-dimerhydrogenated graphene), there exist intra-IS (intra-impurity state) exchange splittings and inter-IS magnetic coupling, with the former larger than the latter. Charge doping monotonically decreases the exchange splittings of the magnetic states, which has been successfully explained by an exchange model. However, charge doping has a negligible effect on the nonmagnetic states in HG, because the H-graphene orbital hybridization is not changed. The tuning effect of charge doping on the stability of H adatoms has been found to correlate with the charge dependencies of the bond strength, C-H bond formation energy, the H-H bonding, and the H-graphene electron-cloud repulsion, which has been systematically and consistently explained with the help of energies, charge densities, and theoretical models. The TD spectra of H (D) adatoms on neutral and charged graphene are predicted, and the results show that hole doping can promote the spillover and nucleation process of H adatoms on graphene. Thus, hole doping is a promising approach to facilitate the hydrogenation of graphene. This work is helpful for understanding the magnetism of defective graphene, and for further preparation and application of hydrogenated graphene. However, the exploration of effective and convenient charge-doping approaches still requires much more further investigations.
